Primary neuronal cell cultures are valuable tools to study protein function since they represent a more biologically relevant system compared to immortalized cell lines. However, the post-mitotic nature of primary neurons prevents effective heterologous protein expression using common procedures such as electroporation or chemically-mediated transfection. Thus, other techniques must be employed in order to effectively express proteins in these non-dividing cells.
B. Fabrication of injection pipets
1. Disposable glass microinjection pipets are commercially available (e.g. Femtotips, Eppendorf), which are convenient but expensive ($10 per microinjection pipet). Injection pipets can be manufactured in the laboratory using a programmable P-97 Flaming Brown pipet puller (Sutter Instrument Company, Novato, CA) and filamented, thin-walled borosilicate glass capillary tubes (World Precision Instruments, Sarasota, FL). This option is more cost-effective and allows for control of microinjection pipet shape and size. 2. A two-stage program is used to pull narrow microinjection pipet tips. Since the opening of microinjection pipets is too narrow to examine under a light microscope, the quality of injection pipets have to be evaluated directly by injecting a few cells before the program settings are finalized. The following are approximate settings for heat, pull, velocity and time settings: (pull 1) 600, 115, 15, 250; (pull 2) 640, 130, 65, 200. These settings vary with different batches of glass and by the condition of the heating filament in the puller, and should be adjusted as needed. For more details see 5 . 3. Pull several (2-5) injection pipets per dish of neurons to be injected, in case of damage or problems during the injection session. Store injection pipets in a covered container to prevent dust from entering the microinjection pipet tip.
II. Intranuclear microinjection
This section details the process of injecting cDNA into the nucleus of neurons. A basic microinjection set-up includes an inverted phasecontrast microscope (e.g. Nikon Diaphot TMD, Nikon, Melville, NY) to visualize the process, micromanipulator (e.g. Eppendorf 5171) to control the movement of the injection pipet and a pressure injector (e.g. Eppendorf FemtoJet Express) to expel the cDNA solution from the pipet. Connecting the pressure injector to the micromanipulator allows for the synchronization of the latter two processes during injections. Other optional, but highly recommended, components include a mounted video monitoring system (CCD camera, Cohu Inc., San Diego, CA; black and white video monitor, Sony Corporation, Tokyo, Japan). This system is not an absolute requirement for injections; however, the black and white monitor offers high contrast for improved visualization of the cell nucleus and offers a more comfortable viewing experience during long injection sessions. In addition, a laptop computer running software to operate a hand-held controller can be utilized to semi-automate the injection process (see Discussion for details).
The ideal time to inject SCG neurons is 3-6 hours post-dissociation. At this stage, the cells are spherical, tightly attached to the bottom of the dish, and the nucleus is clearly visible, under a phase-contrast microscope, as a central round organelle with a dark membrane, containing a single or multiple nucleoli ( Figure 1A ).
1. Place a dish of dissociated neurons on the center of the microscope stage. Adjust the focus and optimize the phase contrast optics of the microscope so the nuclei of neurons are clearly visible. 2. Pipet 2 μl of prepared cDNA solution into a microinjection pipet using a microloader pipet tip. Avoid drawing up solution near the bottom of the hematocrit tube since this may stir up particulates that settled during centrifugation. The filament in the microinjection pipets should aid in drawing solution to the tip, but if small air bubbles persist, gently flick the side of the glass to dislodge them. 3. Insert the microinjection pipet into the capillary holder of the pressure injector and then secure the holder to the micromanipulator. The holder is fixed at a 45° angle. 4. Lower the microinjection pipet into the dish. As the pipet enters the culture medium, a meniscus is formed that affects the refraction of light and lowers the image quality of the neurons. To alleviate this problem, the phase ring turret can be slightly offset until the nuclei of neurons are clearly visible again. 5. Some pressure injection systems have a "clean" function that applies maximum air pressure from the microinjection pipet tip for a short duration. Use this function to clear the pipet of debris before beginning and during injections if the tip appears clogged. If dispelled fluid is not visible on the screen while using this function, replace with a new injection pipet. 6. Center the microinjection pipet in the viewing monitor and align the tip beside a neuron and in the same focal plane as the nucleolus. Set this position as the lower z-axis limit on the micromanipulator. This position is the depth the microinjection pipet will advance to during injections. Now position the tip approximately 30 μm above this point so the microinjection pipet clears the top of neurons. 7. The "inject" mode of an Eppendorf 5171 micromanipulator can be defined with the following settings to perform intranuclear injections. The inject function is set on, whilst the impale function is left off. A diagonal injection path (along the x-and z-axis) produces the least amount of cell damage, and thus the axial mode should be used for injections. An injection speed of 300 μm/s is sufficient, and synchronize pressure build-up when the microinjection pipet reaches the set z-axis limit. 8. The pressure injector controls the quantity of cDNA solution injected into the nucleus. In the "automatic" injection mode, the delivery of DNA is time-controlled and initiated by the connected micromanipulator. The injection pressure (Pi) should be set between 100 to 200 hectopascals (hPa; 1 hPa ~ 0.015 psi); higher injection pressures do not improve success rates or quality of injections and may indicate other problems with the microinjection pipet tip size or DNA purity. An injection duration (ti) of 0.3 s and a compensation pressure (Pc) of 30 hPa, which supplies a constant positive pressure to avoid entry of occluding particles from the culture medium into the pipet tip, should be used. 9. Position the neuron to be injected under the tip of the microinjection pipet using the microscope's xy-axis stage control. Align the tip of the pipet above the center of the nucleus by focusing back and forth between the tip and the nucleoli. 11 gives rise to large currents during the voltage ramp when exposed to NE (B, left). Currents have the typical characteristics of currents through GIRK channels: activation by a G-protein coupled receptor agonist (NE), inward rectification, and block of currents by the putative GIRK channel blocker, Ba 2+ (B, right red trace). Open and filled circles represent I GIRK at the holding and peak current, respectively. Please click here to see a larger version of figure 2.
Discussion
Common problems encountered and suggestions:
As mentioned earlier, successful nuclear injections depend on having cells adherent to tissue culture plates. Postponing the start of injections a few hours following the cell dissociation procedure allows neurons to adhere to the bottom of dishes. In addition, coating dishes with 0.1 mg/ml of high molecular weight poly-L-lysine (Sigma, St. Louis, MO) aids adhesion of neurons to the bottom surface of dishes.
Blockage of microinjection pipets, especially when attempting to inject a high concentration of DNA, can be a frequent problem. Using high quality separation columns to isolate and purify plasmid DNA, and performing the additional purification steps mentioned (spin filters, spinning in hematocrit tubes) can help to remove particulates prior to injecting. During injections, the "clean" function of the pressure injector can be used (for 0.2 s is sufficient); but if that does not resolve the problem, a new injection pipet should be used. If the majority of microinjection pipets become clogged during an injection session, consider altering the settings of the glass pipet puller to produce microinjection pipet tips with a larger opening.
Another issue that arises during nuclear injections is the unevenness of the bottom surface of tissue culture dishes. This variability directly affects the targeting accuracy of injection pipet tips to the nucleus since the depth the pipet traverses during injections is fixed. Therefore, this z-axis limit must be adjusted during the course of injections within the same dish. It will be apparent when an adjustment is necessary: there will be no indication of nuclear injection (no white plume in the nucleus or the cell is missed entirely), or the injection pipet tip comes close to the bottom of the dish (compressing the cell or even crashing the pipet tip into the bottom of the dish). Glass-cloning cylinders (O.D. 10 mm, Cat. No. 2090-01010, Bellco Glass, Vineland, NJ) can be used during the plating of neurons to restrict them in a smaller, more confined area; therefore minimizing the distance required to move the injection pipet between injections. These cloning cylinders are removed prior to performing microinjections.
Drawbacks of technique:
Intranuclear microinjections are technically demanding, which require patience and a high degree of manual dexterity by the operator. Proficiency with this technique, like with any other skill, comes with practice. Thus, it is advised to practice nuclear injections of the reporter gene alone before attempting actual experiments. To further assist the injection process, it may be possible to consolidate the steps of the micromanipulator and pressure injector into a computer program. Programs such as Igor Pro (WaveMetrics, Lake Oswego, OR) can be utilized to store microinjection settings and to program multifunctional controllers (ShuttlePro, Contour Design, Windham, NH) to semi-automate the injection process (see 6,7,8 for details). Another drawback of the intranuclear microinjection technique is the low success rate. Approximately 10-20% of attempted nuclear injections lead to protein expression. Whilst this efficiency may be sufficient for applications that do not require a large number of expressing cells, electrophysiology for example, for various biochemical assays this may not be sufficient.
Applications of technique:
Despite its drawbacks, intranuclear microinjection of DNA is an extremely useful technique for heterologously expressing proteins in neurons.
High levels of protein expression are achieved with nuclear microinjections because of the large number of plasmids released into the nucleus during injections, a highly active CMV promoter regulating gene transcription, and long stability of plasmids in the nucleus. Protein overexpression is especially useful in dominant-negative experiments where high levels of heterologous proteins are required to overwhelm the endogenous protein. Another advantage of intranuclear injections is the ability to deliver a consistent proportion of cDNA constructs to the nucleus when multiple constructs are injected. With other transfection methods, it is difficult to reproducibly introduce the same proportion of each DNA construct into different cells within the same dish and between transfections. Direct injection of cDNA solution into the nucleus eliminates this source of variability and allows the ratio of expressed proteins to be titered effectively.
Traditional transfection methods have limited effectiveness in post-mitotic cells because of low incorporation of DNA into the nucleus 9 and chemical toxicity associated with transfection reagents 10 . Nuclear microinjections overcome these issues by introducing genetic material mechanically into the nucleus. Although this technique is more involved, the ability to study the effect of a protein in a functional biological system, complete with endogenous signaling pathways, more than compensates for the laborious nature of this technique.
